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Abstract

Inflamed organs display marked spatial heterogeneity of inflammation, with patches of inflamed
tissue adjacent to healthy tissue. To investigate how nanocarriers (NCs) distribute between such
patches, we created a mouse model that recapitulates the spatial heterogeneity of the inflammatory
lung disease ARDS. NCs targeting the epitope PECAM strongly accumulated in the lungs, but
were shunted away from inflamed lung regions due to hypoxic vasoconstriction (HVC). In
contrast, ICAM-targeted NCs, which had lower whole-lung uptake than PECAM/NCs in inflamed
lungs, displayed markedly higher NC levels in inflamed regions than PECAM/NCs, due to
increased regional ICAM. Regional HVC, epitope expression, and capillary leak were sufficient to
predict intra-organ of distribution of NCs, antibodies, and drugs. Importantly, these effects were
not observable with traditional spatially-uniform models of ARDS, nor when examining only
whole-organ uptake. This study underscores how examining NCs’ /ntra-organ distribution in
spatially heterogeneous animal models can guide rational NC design.
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To understand how nanocarriers (NCs) distribute between inflamed vs healthy tissue, we created a
mouse model in which just one lobe of the lung is severely inflamed (inset photo). We found that
highly lung-avid NCs (PECAM/NCs) preferentially accumulate in the Aealthy lung tissue, due to
hypoxic vasoconstriction in the inflamed tissue. Surprisingly, untargeted NCs (IgG/NCs)
accumulate in the /nflamedtissue, due to capillary leak there. These experimental findings, along
with computational modeling, allowed us to design a highly lung-avid NC that also preferentially
targets the inflamed tissue.
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BACKGROUND

Nanomedicine has made great progress in targeting nanocarriers (NCs) to individual organs
[1- 5] . However, within an organ, diseases display a large degree of spatial heterogeneity,
with the same organ containing both healthy and pathological regions [6-10]. Thus, some
NCs may appear to efficiently target an organ, but it remains unknown if those NCs in fact
target the pathological subregions rather than the nearby healthy regions. To address this
question, a major need exists for animal models which recreate the spatial heterogeneity
seen in human diseases.

Therefore, we created a new mouse model to study how NCs distribute within a diseased
organ that displays the spatial heterogeneity typical of human diseases. We chose to focus on
inflammatory disorders, since they constitute a very large class of diseases, change organ
physiology significantly, and nearly all display spatial heterogeneity in their severity. We
chose as our model inflammatory disease ARDS (acute respiratory distress syndrome),
which is an acute, diffuse, inflammatory lung injury that kills ~75,000 Americans annually
[11]. In ARDS, the capillaries of the lungs’ alveoli (air sacs) increase their permeability,
causing the alveoli to fill with edema liquid and neutrophils [12], similar to the leukocyte-
rich tissue edema present in nearly all inflammatory diseases. Notably, in every ARDS
patient, these inflammatory changes are only found in scattered patches of the lung[13, 14],
making ARDS an archetype of spatially heterogeneous organ inflammation. Targeting these
inflamed lung regions has been the goal of numerous labs’ NCs and a program to develop
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liposomal drug delivery for ARDS [15-19], but these NC studies only examined whole lung
uptake, and not whether the NCs actually reached the inflamed lung regions.

For the present study, we initially focused on the most-studied of these NCs: NCs coated
with anti-PECAM antibodies (PECAM/NCSs), which have shown very high whole lung
uptake in ARDS models in mice, rats, and pigs [18, 20, 21]. In our mouse model of spatially
heterogeneous ARDS, we found that PECAM/NCs accumulate preferentially in healthy lung
regions, not the intended inflamed lung regions, due to hypoxic vasoconstriction.
Surprisingly, however, we found that other NCs and pharmacological agents actually
preferentially accumulated in the inflamed lung regions. Experimental and computational
studies showed that these diverse distributions were determined by 3 simple transport
mechanisms, which allowed us to design a new targeted NC, ICAM/NC, that shows strong
preference for the most inflamed regions. Notably, ICAM/NCs appear inferior to
PECAM/NCs in traditional, spatially-uniform ARDS models, with lower whole-lung uptake
than PECAM/NCs even in inflamed lungs. Only by comparing ICAM/NCs vs. PECAM/NCs
in a spatially heterogeneous animal model and examining intra-organ distribution did it
become clear that ICAM/NCs achieve higher /ocal concentrations in the inflamed areas in
need of pharmacotherapy. These findings highlight the importance of developing spatially
heterogeneous animal models like the one introduced here.

METHODS

Unilateral LPS instillation

C57BL/6 adult mice were instilled with LPS (1 mg/kg). For the traditional “diffuse LPS”
model of ARDS, the LPS was instilled via insertion of a 29-gauge tuberculin syringe into
the trachea. For unilateral LPS, the mice were anesthetized with ketamine and xylazine
followed by endotracheal intubation with a 20-gauge angiocatheter. A PE-10 catheter (outer
diameter 0.024") was inserted and positioned so that it terminated within the superior lobe,
and the LPS was instilled as a 1 uL / kg solution. Twenty-four hours later, assays of lung
distribution (NC injection followed by sacrifice 30 minutes later) and lung inflammation
were performed as previously described [22].

Nanoparticle production

Liposomes were made by first creating lipid films in round-bottom glass vials: 1x10-5
moles of lipids in chloroform were added per vial, followed by chloroform evaporation via
nitrogen stream and then at least 2 hours of lyophilization . Lipids (from Avanti) were mixed
at molar percent: DPPC 52%, cholesterol 45%, DSPE-PEG-2000-maleimide 2%, with the
remaining 1% being either DSPE-PEG-2000-DTPA (for In111 |abeling experiments), PE-
lissamine-rhodamine (for fluorescent tracing), or DPPC (for all other experiments). Lipid
films then had 0.5 mL PBS added, warmed to 50C, bath sonicated at 50C for 10 seconds,
followed by extrusion (Avanti syringe extruder) through a membrane with 200-um pores,
producing ~2x1013 liposomes / mL [18].

Antibodies were conjugated to maleimide-liposomes by SATA-maleimide conjugation
chemistry. Briefly, a 6x excess of SATA (Sigma) was added to antibodies at room
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temperature (RT) for 30 min, generating 1 sulfhydryl group per 1gG molecule. The
acetylated sulfhydryl of the SATA moiety by adding hydroxylamine (50 mM final
concentration) and incubating for 2 hours at RT. Then maleimide-containing liposomes were
mixed with the deprotected SATA-antibodies to generate liposomes that bore approximately
200 antibodies per liposome [18]. Unconjugated antibodies were removed by centrifugation
at 32,000 x g for 1 hour to pellet the conjugated liposomes, and discarding the supernatant
containing free antibodies.

The liposomes were radiolabeled with 1125 as described previously [18]: 10% of their
coating antibodies be 1125-labeled IgG. 1125-labeling of 1gG utilized Pierce iodination beads,
conducted after SATA-conjugation to the antibodies.

For digital autoradiography (DAR), liposomes containing 1% DSPE-PEG-2000-DTPA were
labeled with In111: In111 source (150 uCi; from Nuclear Diagnostics Products) was mixed
with 2M trimethyl acetic acid (pH 4.5) and pH set to 4.5, and then mixed at with antibody-
conjugated liposomes at a volume ratio of 2:1 liposomes:In111-TMAA, incubated at room
temperature for 1 hour, and then centrifuged at 32,000xg for 1 hour. In111 loading showed:
91% of the In111 was found in the pellet, and on thin layer chromatography (TLC) in 2
different mobile phases (9% NaCl, 10 mM NaOH; and 10 mM EDTA), 99% of the In111
migrated with the liposomes in both mobile phases.

Nanogels (lysozyme-dextran nanogels of 300 nm) were produced via the method previously
described [23].

Nanoparticle tracing in vivo

For multi-organ biodistribution, mice were injected with 2 x 1011 liposomes / mouse, which
is equivalent to 5 mg/kg of total lipid. Nanogel injections were similarly ~1 x 1011
nanoparticles per mouse.

Digital autoradiography (DAR) was performed by injecting the mice with In111-labeled
liposomes. These liposomes contained 1% sacrifice 30 minutes later, and preparation of
fresh-frozen lungs in OCT. Lung blocks were cut on a cryostat microtome, with the slides
then developed on a phosphor screen plate overnight followed by imaging the screen on a
Typhoon FL7000.

Fluorescent liposomes were injected and the lungs prepared identically for those of In111-
labeled liposomes. Fluorescent images were taken on an Aperio slide scanner.

Tc99m-MAA (macroaggregated albumin) was purchased from Nuclear Diagnostics
Products, and injected into mice in a volume of 100 uL of PBS containing on average 350
MAA particles.
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Development of a mouse model to test how NCs distribute to healthy vs. inflamed lung

regions

In human ARDS, inflamed lung regions display a number of changes (Fig 1A): the air sacs
(alveoli) fill up with edema liquid and neutrophils, the capillaries surrounding the air sacs
increase their permeability (“capillary leak”), and the arterioles leading to such air sacs
constrict (“hypoxic vasoconstriction™) [12, 24, 25]. Therefore, we developed a mouse model
that displays each of these features, in the spatially heterogeneous pattern characteristic of
human ARDS (Fig 1B-E).

We call this mouse model the “unilateral LPS model” because of the procedure used to
induce the spatially heterogeneous ARDS-like phenotypes. During the procedure (Fig 1B), a
catheter (green line) is inserted through the mouse’s mouth and into the superior lobe of the
right lung, where lipopolysaccrhide (LPS; a bacterial cell wall toxin) is instilled (Fig 1B).
The result is that one lung region displays severe ARDS-like inflammation (the superior lobe
of Fig 1C), while the rest of the lungs remain healthy (see the left lung of Fig 1C). The most
striking hallmarks of human ARDS are the capillary leak and the ensuing leakage of edema
liquid into the lung. The model recapitulates this well, with the inflamed superior lobe
displaying a 2.5-fold increase in weight, due to the alveoli being filled with edema liquid
(Fig 1D), similar to 2-3-fold increase in lung weight in human ARDS[26]. By contrast, in
the most commonly used animal model of ARDS, in which LPS is diffusely sprayed
throughout the lungs (the “diffuse LPS”” model), there is no statistically significant increase
in weight of either the superior lobe or left lung (Fig 1D, orange bars). The final phenotype
of ARDS that the unilateral LPS mice recapitulates is neutrophilic infiltration (Fig 1E),
which is severe in the superior lobe, but absent in the left lung (with the left lung
indistinguishable from the lungs of naive mice). Thus, the unilateral LPS model displays the
major features of spatially heterogeneous ARDS and thus may serve as a test bed for
determining where NCs and drugs distribute within the lung.

PECAM/NCs strongly accumulate in the lungs, but preferentially accumulate in the healthy
regions of ARDS-affected lungs

Having established our mouse model of spatially heterogeneous ARDS, we next tested the
distribution of PECAM/NC within the lungs of mice. We first constructed liposomes coated
with anti-PECAM antibodies (PECAM/liposomes; see Supplemental Figure 1A for
characterization, such as size distribution). We then determined how strongly the PECAM/
liposomes target the lungs by injecting into healthy (naive) mice 112>-labeled PECAM/
liposomes and 30 minutes later harvesting the organs. As shown in Figure 1A, PECAM/
liposomes accumulate in the lungs at 183% of the injected dose per gram of tissue (%I1D/qg),
thus achieving much higher tissue concentrations in the lungs than all other organs and at
accumulating in the lung 5.9-fold more than control 1gG/liposomes. Therefore, PECAM/
liposomes can serve as a paradigm for IV NCs which achieve marked uptake in the lungs.

Having shown that PECAM/liposomes achieve strong uptake in the whole lungs of healthy
mice, we next sought to determine how they distribute between inflamed and healthy regions
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in mice that underwent unilateral LPS. After LPS instillation, 24 hours later we
intravenously injected 1125-labeled PECAM/liposomes, sacrificed the mice 30 minutes later,
and then measured the uptake in all 5 lung lobes via a gamma counter (Fig 2B,C). As seen in
Figure 2B, when measuring PECAM/liposomes uptake as the percent of injected dose per
organ (%ID, here “organ” refers to a single lung lobe), there is no statistically significant
difference in PECAM/NC uptake in the left lung between naive mice, the classical model of
diffuse LPS, and unilateral LPS mice. However, in the inflamed superior lobe of unilateral
LPS mice, the normalized %ID/organ of the superior lobe is 0.57, suggesting that the
inflamed superior lobe of unilateral LPS mice gets only 57% the mass of PECAM/liposomes
received by the superior lobe of naive mice, which suggests shunting of PECAM/liposome
mass away from the inflamed superior lobe.

More important than comparing the superior lobes of naive mice versus unilateral LPS mice
is determining within an individual unilateral LPS animalwhether PECAM/NCs are shunted
away from the inflamed superior lobe and instead go towards the healthy left lung. To
quantify this, we introduce the PATH ratio: the Pathologically Altered To Healthy tissue
ratio. The PATH ratio is defined for an /ndividual animal as being the ratio of NC mass in
the pathologically altered tissue to the nanocarrier mass in healthy tissue. In this particular
experiment, the PATH ratio is for a unilateral LPS mouse the %ID/organ of PECAM/NC in
the pathologically most altered tissue (the inflamed superior lobe) divided by the %ID/organ
in the healthiest tissue (left lung). Because the superior lobe and left lung are not the same
size, we present the PATH ratio as normalized to the same ratio obtained in naive mice. In
Figure 2C we have plotted the ratio of %ID/organ of the superior lobe to left lung,
comparing naive mice vs. diffuse LPS vs. unilateral LPS (all normalized to naive). In this
plot, the bar for unilateral LPS represents, by definition, the PATH ratio for PECAM/NC. As
seen in Fig 3D, the PATH ratio for PECAM/liposomes is 0.55, which indicates that the most
inflamed lung region (the superior lobe) receives only 55% the mass of PECAM/liposomes
that the healthiest region (left lung) receives. Thus, spatially heterogeneous ARDS-like
injury causes strong shunting of PECAM/NCs away from the tissue most in need of
pharmacotherapy.

To test whether this effect is specific to liposomes, we conducted the same experiment with
another translationally-relevant nanocarrier, lysozyme-dextran nanogels (“nanogels” see
Supplemental Fig 2A for characterization). Like PECAM/liposomes, PECAM/nanogels
strongly accumulate in the lungs (130%I1D/g; 7.9-fold higher than control nanogels; see
Supplemental Figure 2). As with PECAM/liposomes, PECAM/nanogels display in unilateral
LPS mice a PATH ratio significantly less than 1 (Fig 2D, right bar), suggesting marked
shunting of PECAM/nanogels away from the most inflamed tissue. Importantly, this
shunting of PECAM/NCs (PATH < 1) was seen in two different NCs (liposomes vs
nanogels) that show markedly different pharmacokinetics, with the time to reach peak lung
concentrations differing by at least 25 minutes and much slower clearance of the blood pool
for PECAM/liposomes (Supplmental Fig 1B vs Supplemental Fig. 2C). Thus the shunting
effect for PECAM/NCs seems to be largely independent of the particular NC formulation.
Therefore, hereafter all NCs used were liposomes.
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Finally, we sought to ensure that these differences in regional lung uptake of PECAM/NC
were not due to LPS-induced changes in overalllung uptake of NCs. As displayed in Figure
2E, for PECAM/liposomes, the %ID / organ in the lung was ~25%, regardless of the
presence of diffuse or unilateral LPS. Also, PECAM/nanogels had significantly lower
overall lung uptake (%ID/organ = 19%) than PECAM/liposomes, but still had very similar
PATH ratio values. Thus, the regional shunting of PECAM/NC from the most pathologically
altered lung region is not a byproduct of changes in overall lung uptake.

PECAM/NCs are shunted away from inflamed lung regions largely due to hypoxic
vasoconstriction

To explain the marked shunting of PECAM/NCs, we hypothesized it was caused by
decreased local blood flow to the inflamed lung region (superior lobe). In animals[27] and
humans with ARDS[14], Aypoxic vasoconstriction has been frequently observed:
constriction of the arteriole feeding hypoxic regions of th lung. To assess for hypoxic
vasoconstriction, we measured blood flow in our unilateral LPS model using the same probe
as used in the clinical studies of regional lung blood flow: Tc?9™-MAA (technetium99m-
labeled macroaggregated albumin) [28]. When injected intravenously, the 20-70 um
diameter Tc9°™-MAA particles immediately lodge in the 6-8 um pulmonary capillaries. The
relative uptake of Tc99M-MAA in each pulmonary lobe is directly correlated with relative
blood flow to that lobe.

Compared to naive mice, the blood flow (relative Tc®®™-MAA signal) in unilateral LPS
mice increases slightly in the healthy left lung, and is decreased by about half in the
inflamed superior lobe (Fig 3A). We next calculated for each animal the ratio of Tc99M-
MAA in the most inflamed region (superior lobe) to healthy region (left lung) (Fig 3B). The
value for unilateral LPS mice on such a plot is, by definition, the PATH ratio value for
Tc9®M-MAA, here 0.52. Note how the PATH ratio value of Tc9¥M-MAA (0.52) is nearly
identical to that of PECAM/NC (0.55; Fig 3B, rightmost bar).

To further demonstrate the extremely strong correlation of blood flow (Tc9¥™M-MAA) and
PECAMI/NC, in Figures 3C and 3D we plotted the percent of total lung uptake for al/ 5 lung
Jobes for both Tc¥¥M-MAA (Fig 3C) and PECAM/NC (Fig 3D). These plots are nearly
identical, for all lobes. For the region of greatest focus, the superior lobe, the relative blood
flow (Tc?¥M-MAA) goes from 19% to 11% comparing naive and unilateral LPS animals. For
PECAM/NC, the superior lobe uptake also goes from 19% to 11%. Such a strong correlation
between blood flow shunting and PECAM/NC shunting implies that PECAM/NCs distribute
preferentially in healthy lung tissue due to decreased blood flow to pathological tissue.

PECAM/NCs preferentially accumulate in healthy lung tissue not only at the level of lung
lobes, but also at the sub-lobar level

Having found that differences in inflammatory severity on the level of whole lung lobes
strongly affect NC distribution, we next wanted to find out if heterogeneity in inflammation
affects NC distribution between different regions within a lobe. This question is clinically
relevant because in human ARDS there is heterogeneity of inflammation at the lobar level,
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but even more prominently there is heterogeneity between immediately adjacent alveoli and
acini (clusters of alveoli) [14].

To address this question, we used digital autoradiography (DAR) and immunofluorescence
(IF) to image spatial distribution of PECAM/NC labeled either with In111 or rhodamine.
DAR (Fig 4A) shows marked heterogeneity of PECAM/NC accumulatino at the sub-lobar
level, negatively correlating with severity of sub-lobar inflammation. IF shows a similar
pattern (Fig 4B).

IgG/NCs and untargeted agents accumulate preferentially in inflamed tissue

Having found that PECAM/NC are strongly shunted away from the inflamed superior lobe,
we next sought to confirm that this property is shared by non-avid nanoparticles and other
drug-like agents. Quite surprisingly, every untargeted agent we tested had a PATH ratio > 1,
including 19G/NC, free IgG, and small molecule drugs. A PATH > 1 means they
accumulated preferentially in inflamed tissue, the opposite direction of PECAM/NCs (Fig
5). Importantly, the gold standard for measuring capillary leak, radiolabeled albumin, also
had a PATH ratio > 1, showing untargeted agents distribution correlates with capillary leak.

The finding that PECAM/NCs are unique among tested agents for having a PATH ratio < 1
appears to make such NCs unattractive for targeted drug delivery to the pathological regions
of ARDS. However, while agents without lung avidity have much lower overall lung uptake
than PECAM/NCs (Fig 2A). The combination of the two effects, PATH ratio and overall
lung uptake, ultimately determines which agents achieve the best delivery to the flooded
alveoli. To quantify this, we measured the percent of the injected dose (%ID) that ends up in
the inflamed superior lobe, and found that PECAM/NCs massively outperform the other
agents (Fig 5C): PECAM/NCs have a %ID in the inflamed superior lobe of 2.9%, compared
to only 0.19% for the small molecule drug DTPA, a 15-fold difference in favor of PECAM/
NCs.

ICAM/NCs preferentially accumulate in the inflamed lung regions, due to increased ICAM
epitopes in ARDS-affected regions

While PECAM/NCs achieve remarkable delivery to the lungs, their accumulation at the
intended site of therapy is markedly inhibited by their PATH ratio of 0.55. We hypothesized
that we could overcome the effect of hypoxic vasoconstriction and blood-flow-shunting by
coating our NCs with an antibody that binds an epitope that is increased in availability in
inflamed lung tissue. Therefore, we performed a rapid screen to identify such epitopes. We
induced lung inflammation with intravenous LPS, and then performed Western blots on
whole lung homogenate, testing seven of the most studied lung-targeting epitopes. Only
VCAM and ICAM showed upregulation in inflammation (Figure 6A), consistent with prior
reports [29, 30]. We hereafter focused on ICAM because ICAM/NCs had much higher
overall lung uptake than VCAM/NCs (data not shown).

Since ICAM protein levels increase in inflamed lungs, we next tested whether ICAM/NCs
similarly increase uptake in the lungs. As shown in Figure 6B, compared to naive mice, both
diffuse LPS and unilateral LPS increase ICAM/NC uptake in whole lungs by ~25%.
However, this inflammation-induced increase still leaves ICAM/NCs with ~15% Jower
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whole-lung uptake than PECAM/NCs (Fig 6B, comparing the two orange bars). Thus, using
the traditional method of only examing whole-lung uptake does not indicate any drug-
targeting advantage to using ICAM rather than PECAM targeting.

While ICAM-targeting did not have an advantage over PECAM-targeting at the whole organ
level, we hypothesized that within heterogenously inflamed lungs, ICAM/NCs would
preferentially accumulate in inflamed rather than healthy regions. Therefore, we built a
multi-compartment pharmacokinetic (PK) computational model to predict if the mechanisms
posited thus far were sufficient to produce the observed phenomena and predict the
distribution of ICAM/NCs. As described in Supplemental Materials, the PK model showed
that hypoxic vasconstriction and capillary leak were sufficientto produce the phenomena
observed so far. Additionally, the PK model predicted that ICAM/NCs would have a PATH
ratio ~1, providing the advantage over PECAM/NCs that we had hypothesized (Fig 6C).

Experimentally, we found that ICAM/NCs displayed a PATH ratio of 1.75 (Fig 6D, third
bar), which is close to that of IgG/NCs and nearly the inverse of the low PATH ratio of
PECAM/NCs. While other pharmacological agents we tested also had PATH ratio values >
1, none of them had strong overall lung uptake. However, ICAM/NCs had a %ID in the lung
of 20.1%, just slightly lower than the 26.2% of PECAM/NCs (Fig 6E). Because of its high
PATH ratio and moderately high overall lung uptake, ICAM/NCs displayed the highest
uptake of all agents in the most inflamed lung region (superior lobe), with 4.9% of the
injected dose going to the superior lobe, compared to 2.9% for PECAM/NCs (Fig 6F). By
comparison, IgG/NCs and the model small molecule drug DTPA accumulated in the
superior lobe at just 0.19% ID (Fig 5C), indicating ICAM/NCs provide a 26-fold
improvement in delivery to the most inflamed lung tissue. Thus, switching to the appropriate
antibody on a NC is able to overcome blood flow shunting and produce tremendous
concentration in the pathologically altered tissue.

DISCUSSION

Targeting NCs to a diseased organ may be insufficient, as diseased organs usually have
regions of healthy tissue intermixed with pathological regions, and NCs may preferentially
accumulate in the healthy patches of tissue. To study this largely unexplored area of
nanomedicine, we created a mouse model of the spatially heterogeneous inflammatory lung
disease ARDS and analyzed how NCs distribute within the lungs.

The major generalizable finding from these studies is that analyzing /intra-organ distribution
of NCs in spatially heterogeneous disease models can elucidate properties of NC-targeting
that are not observable in traditional models (which have homogeneous pathology and
analyze only whole-organ uptake). This is well illustrated by the example of how the
spatially heterogeneous ARDS model shows a superiority of ICAM/NCs over PECAM/NCs
that was not observable with the traditional spatially-uniform model: At the whole-lung
level, ICAM/NCs have significantly lower whole-lung uptake than PECAM/NCs, even in
inflamed lungs (Fig 6B). This alone would suggest that PECAM/NCs are superior to
ICAM/NCs for delivery to inflamed lungs. Surprisingly, though, the spatially heterogeneous
ARDS (unilateral LPS) leads us to the gpposite conclusion. ICAM/NCs are superior to
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PECAM/NC:s at delivery to inflamed lung regions (Fig 6F). Indeed, the inflamed lung region
received about ~70% higher ICAM/NC levels than PECAM/NCs (Fig 6F). Since the goal
with most ARDS drugs is to act solely on the inflamed regions, not the whole lung, the
clinically-relevant parameter for NCs is accumulation in inflamed lung regions, not whole-
lung accumulation. Therefore, the conclusion from the spatially heterogeneous model is
more clinically-relevant than the misleading conclusion that can be drawn from whole-organ
analysis of homogenous models.

To understand the disparity between ICAM/NC and PECAM/NC distribution, we
investigated the mechisms which underlie NC distribution in heterogeneously inflamed
lungs. We identified 3 regional mechanisms which appear sufficient to explain the diverse
intra-pulmonary distributions observed here: Z) regional hypoxic vasoconstriction (HVC;
Fig 3); 2)regional capillary leak (Fig 5); and 3) regional change in epitope concentration in
inflamed tissue (Fig 6). Figure 7 summarizes how each of these regional pathological
changes affects NC distribution, using as examples NCs coated with either anti-PECAM, -
ICAM, or untargeted IgG. Since the effects of 3 mechanisms on 3 different NCs in a
dynamical system can be difficult to analyze with intution alone, we built a multi-
compartment pharmacokinetic (PK) computational model (see Supplemental Materials).
This PK model showed that these 3 mechanisms alone were sufficient to account for all the
phenomena presented above.

The preference of some NCs for healthy instead of inflamed lung tissue (e.g., PECAM-NCs)
has two important implications for therapeutic index. First, preferential accumulation in
healthy tissue as seen in PECAM-NCs means that an increased mass of drug must be
injected in order to deliver a therapeutic mass to inflamed lung. Second, many ARDS
candidate drugs have direct toxcities on healthy lung tissue. For example, the two most
clinically studied ARDS drugs, dexamethasone and albuterol, each ameliorate alveolar
edema in ARDS, but they decrease neutrophil function and so would leave the healthy lung
regions at increased risk of ventilator-associated pneumonia, an already common
complication after ARDS. Therefore, there is clear benefit to designing NCs that
preferentially target inflamed instead of healthy lung regions.

In summary, the field of Nanomedicine can benefit from studying how NCs and drugs
distribute within spatially heterogenous diseased organs, as such studies can provide
surprising results that can guide NC design and strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

PATH ratio Pathologically Altered To Healthy tissue ratio

NC nanocarrier

PECAM platelet endothelial cell adhesion molecule-1

ICAM intercellular cell adhesion molecule-1

ARDS acute respiratory distress syndrome
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Figure 1. A new mouse model of ARDS for testing whether NCs preferentially distribute to
inflamed or healthy lung regions

(A) Schematic of lungs in ARDS, with both healthy regions of lung tissue (/eft side) and
inflamed regions (right side) in the same individual. IV-injected NCs reach the lung via the
pulmonary artery (center), which has branches leading to each lung region. Lung regions are
depicted as air sacs (/arge grey circles) surrounded by capillaries (fubes with red-to-blue
gradieni). The pathological region experiences hypoxic vasoconstriction (arteriolar
narrowing), capillary leak (increased permeability of the capillaries), and filling of the air
sacs with edema liquid (pink) and neutrophils. (B) Diagram of unilateral LPS instillation,
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dorsal view. A custom 0.024” OD catheter (green) is threaded through the mouth and into
the superior lobe, whereupon LPS is instilled. (C) Mouse lungs (dorsal view) that received
unilateral LPS display a healthy region that is indistinguishable from naive (left lung; white),
and a severely inflamed region (superior lobe; red). (D) To quantify the ARDS phenotype of
edema liquid, we measured the weights of each lung region. Compared to naive (b/ue bars),
the unilateral LPS model (red bars) displays no increased weight in the healthy region (left
lung), but a 2.4-fold increase in weight of the inflamed region (superior lobe), due to edema
liquid filling the air sacs of the inflamed region. The classical model of “diffuse LPS”
(which is spatially homogeneous) (orange bars) displays no change in weight. (E) To
observe the ARDS phenotype of neutrophilic infiltration, unilateral LPS mouse lungs were
fixed and H&E-stained, which displays neutrophils as round purple cells. The healthy lung
tissue (left lung) of these mice displays no neutrophilic infiltrate (/eft panel) when compared
to a naive mouse (bottom panel), while the inflamed tissue (superior lobe) has every air sac
filled with neutrophils (right panel). *, p < 0.01. ns, non-significant.
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Figure 2. PECAM/NCs markedly concentrate in the lungs, but preferentially accumulate in
healthy rather than inflamed lung tissue

(A) (A) Healthy (naive) mice were I\V-injected with liposomes (inset; labeled with 1125)
conjugated to anti-PECAM antibodies or control antibodies, sacrificed 30 minutes later, and
organ uptake was measured by gamma counter. Anti-PECAM liposomes display 5.9-fold
higher lung concentratinos than control liposomes. (B) 24 hours after either unilateral LPS
(red bars), diffuse LPS (orange), or sham (naive; b/ue), mice were IV-injected with anti-
PECAM-liposomes, sacrificed 30 minutes later, and then lung lobes were measured as in A.
For each mouse, we calculated the ratio of superior lobe to left lung for the percent injected
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dose (%ID) per organ (“organ” here being a lung lobe), and normalized to naive. (C) For
each mouse, we calculated the ratio of superior lobe to left lung for the %ID/organ values in
B, normalized to the value for naive mice. Note that this ratio for unilateral LPS mice (third
bar) is defined as the PATH ratio (Pathologically Altered To Healthy ratio), which is the
%ID/organ of the pathological (inflamed) tissue divided by the %ID/organ of the healthy
tissue, normalized to naive. A PATH ratio < 1 (here it is 0.55), indicates that a NC
preferentially accumulates in healthy tissue, while a PATH ratio > 1 implies preferential
accumulation in pathological (inflamed) tissue. (D) With the same protocol as in Band C,
unilateral LPS mice were injected with an alternative nanocarrier, nanogels, also coated with
anti-PECAM antibodies, producing a similar PATH ratio < 1. Only values with unilateral
LPS are displayed (red bars). (F) Replotting A-Das %ID shows no differences in whole-
lung uptake of PECAM/NCs, regardless of the presence of LPS instillation. *, p < 0.05. ns,
non-significant.
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Figure 3. PECAM/NCs preferentially accumulate in the healthy lung regions because of hypoxic
vasoconstriction in the inflamed regions

(A) Regional blood flow was measured by IV-injecting Tc®*™-MAA. The inflamed superior
lobe of unilateral LPS mice displays reduced blood flow (lower Tc%M-MAA / organ), likely
to due hypoxic vasoconstriction. (B) Replotting the data of A as the ratio of superior lobe to
left lung for %ID/organ (first two bars) and comparing this data to the same ratios obtained
for PECAMINCs (third and fourth bars). Note the two PATH ratios are nearly identical. (C
and D) To display the correlation of blood flow and PECAM/NC distribution, all 5 lobes
from the mice in A are displayed as % of total lung uptake. Mice injected with either T¢c99m-
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MAA (C) or PECAM/NCs (D) display nearly identical patterns, particularly in the superior
and left lobes. *, p < 0.05.
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Figure 4. Within the inflamed lung lobe, sub-regions with the most severe inflammation receive
the least PECAM/NCs
(A) At 24 hours after unilateral LPS instillation, mice were injected with In111-labeled anti-

PECAM:-liposomes, and 30 minutes later lungs were removed and fresh-frozen. The fop
panel shows a slice of the tissue block, displaying a very clear sub-lobar inflammatory injury
(blue line). DAR (middle panel) of the same slice shows the highly inflamed sub-region has
portions with nearly no nanoparticle uptake (white holes) surrounded by other areas with
very strong nanoparticle uptake (black). Bottom panel, H&E staining reveals intense
neutrophilic infiltrates (dark purple) in this sub-region. (B) Similar protocol to A, but with
rhodamine-labeled liposomes. 7op /eft, H&E shows a sub-region of the superior lobe with
severe inflammation (b/ue line). Top right, rhodamine signal the severely pathological sub-
region (b/ue line) has less liposome uptake (less red signal) than the rest of the lobe. Bottom
left, DAPI image. Bottom right, Image from an uninjected mouse displays nearly no signal
with the same microscope settings as the top right panel, but normal DAPI signal (/nsed).
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Figure 5. IgG/NCs, small molecule drugs, and proteins preferentially accumulate in the most
inflamed tissue because of capillary leak

(A) The PATH ratio for unilateral LPS mice for a variety of pharmacological agents shows
only PECAM/NCs have a PATH ratio < 1 (shunting away from the most inflamed lung
tissue), while all others have PATH ratio values >1 (preferential accumulation in the most
inflamed tissue). Note that radiolabeled albumin (sixth bar in this ploi) is the gold-standard
for measuring capillary leak, and its PATH ratio of 5 here fits with reported capillary leak
metrics in severe ARDS. (B) Despite the high PATH ratios, these other agents have
markedly lower fotal mass accumulating in the most inflamed region (superior lobe) than
PECAMI/NCs, due to the much higher total lung uptake of PECAM/NCs. *, p < 0.01. ns,
non-significant. * indicates statistical comparison to naive control.

Nanomedicine. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Brenner et al.

>

Protein expression,
fold of untreated

ve)

30%
25%
= 20%
15%

% injected dose in lungs

_.
LI 2
SRS

PATH ratio,
predicted by
computational model

=N WhHUO OO
A

]

1

1

1

1

1

1

1

cavaoling S ——
PV1ISsSs——
ACE| eeme e =
™ SEmama-
PECAM; MR-
ICAN - - -
VCAM =1 S eme e

ACHIN - —

PECAM / ICAM /

liposomes liposomes

M naive Mdiffuse LPS Munilateral LPS

IgGINC PECAM/NC ICAM/NC

PATH ratio,
experimentally observed

e o

EE—
(=]

!

6%
5%
4%
3%
L2 2%
1%
0%

% injected dose in superior
be

Page 21

1gG (non-avid) anti-PECAM anti-ICAM
antibody conjugated to liposomes

26.4%

20.1%
0‘5% l

1gG (non-avid) anti-PECAM anti-ICAM
antibody conjugated to liposomes

4.9%

2.9%
0-20/0 '

IgG (non-avid) anti-PECAM anti-|CAM
antibody conjugated to liposomes

Figure 6. ICAM/NCs accumulate preferentially in inflamed lung regions because of increased
epitope levels in that region

(A) A screen to identify targeting epitopes that are increased in the lungs of mice after LPS
stimulation. /nset, Western blot of whole lung homogenates from either naive mice or mice
given 1V LPS 24 hours before sacrifice. Each lane represents an individual mouse, 3 mice
per condition. The bar graph shows quantification of the /nset Western, normalized to actin,
and then mean of LPS mice was divided by the mean of naive mice. (B) ICAM/liposomes
display increased (1.26x) whole-lung uptake in diffusely inflamed lungs, but still have lower
(by 15%) whole-lung uptake than PECAM/liposomes. 24 hours after either unilateral LPS

Nanomedicine. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Brenner et al.

Page 22

(red bars), diffuse LPS (orange), or sham (naive; blue), mice were I\V-injected with 1125-
labeled liposomes and whole-lung uptake measured 30 minutes later. (C) A multi-
compartment pharmacokinetic model (see Supplemental Materials), incorporating our
measurements of hypoxic vasoconstriction, capillary leak, and epitope expression, predicts a
PATH ratio < 1 for PECAM/NCs (first red bar) but a PATH ratio ~1 for ICAM/NCs. (D)
Experimentally determined PATH ratios show that PECAM/NCs preferentially accumulate
in healthy lung tissue (PATH ratio < 1), while ICAM/NCs are preferentially taken up into the
inflamed superior lobe (PATH ratio > 1). (E) Whole-lung uptake, shows PECAM/NCs have
the greatest total lung uptake. (F) Uptake in the just the intended target lobe, the severely
inflamed superior lobe, with ICAM/NCs performing the best. *, p < 0.05.
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A HEALTHY TISSUE INFLAMED TISSUE
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Figure 7. Three transport mechanisms determine relative distribution of NCs between healthy
and inflamed lung regions

Inflamed tissue displays 3 changes that affect NC transport: hypoxic vasoconstriction
(depicted as a narrow arteriole), capillary leak (depicted as dashed line of capillary walls),
and increased ICAM epitope (yellow triangles in C). (A) PECAM/NCs (small blue circles)
bind very rapidly to the capillary endothelium, and thus their distribution is determined by
relative blood flow to each lung region. Therefore, PECAM/NC distribution is dominated by
hypoxic vasoconstriction in inflamed lung tissue, resulting in preferential accumulation of
PECAM/NCs in healthy tissue (depicted, for simplicity, as NCs in the air sac), which
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implies a PATH ratio < 1. (B) IgG/NCs only accumulate in the lung where there is capillary
leak, so capillary leak dominates distribution, resulting in IgG/NCs accumulating in the
inflamed tissue (PATH ratio > 1). Compared to the avid lung binding of PECAM/NCs, the
leak-induced lung accumulation of IgG/NCs is very low, depicted as relatively few NCs
present in the lungs. (C) ICAM/NCs encounter more accessible ICAM epitopes in inflamed
tissue, and this effect dominates over hypoxic vasoconstriction, resulting in preferential
accumulation in the inflamed lung tissue (PATH ratio > 1). Additionally, ICAM/NCs benefit
from avid lung binding, and thus have high levels of overall lung uptake (depicted as a large
number of NCs in the lungs).
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